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tor device having excellent electrical characteristics such
as channel mobility, and a method for manufacturing the
same. A semiconductor device (1) includes a substrate
(2) made of silicon carbide and having an off-angle of
greater than or equal to 50° and less than or equal to 65°
with respect to a surface orientation of {0001}, a p-type
layer (4) serving as a semiconductor layer, and an oxide

FIG.A
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film (8) serving as an insulating film. The p-type layer (4)
is formed on the substrate (2) and is made of silicon car-
bide. The oxide film (8) is formed to contact with a surface
of the p-type layer (4). A maximum value of the concen-
tration of nitrogen atoms in a region within 10 nm of an
interface between the semiconductor layer and the insu-
lating film (interface between a channel region and the
oxide film (8)) is greater than or equal to 1x 1021 cm3.
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Description
TECHNICAL FIELD

[0001] The present invention relates to a silicon carbide semiconductor device and a method for manufacturing the
same, and more particularly, to a silicon carbide semiconductor device exhibiting excellent electrical characteristics, and
a method for manufacturing the same.

BACKGROUND ART

[0002] Conventionally, a semiconductor device using silicon carbide (SiC) has been known (for example, International
Publication No. WO01/018872 pamphlet (that will be referred to as Patent Document 1 hereinafter)). In Patent Document
1, a SiC substrate having a surface orientation of substantially {03-38} and having a 4H polytype is used to form an
MOS-type field effect transistor (MOSFET) serving as a semiconductor device. In the MOSFET, a gate oxide film is
formed by dry oxidation. According to above Patent Document 1, high channel mobility (about 100 cm2/Vs) can be
achieved in such MOSFET.

Patent Document 1: International Publication No. WO01/018872 pamphlet
DISCLOSURE OF THE INVENTION
PROBLEMS TO BE SOLVED BY THE INVENTION

[0003] As a result of the inventors’ study, however, it has been found that the channel mobility may not be sufficiently
increased in some cases in the aforementioned MOSFET. In order to cause the semiconductor device using SiC to
stably exhibit the excellent characteristics, it is required to achieve high channel mobility in a reproducible manner.
[0004] The presentinvention has been made to solve the problems as described above, and an object of the present
invention is to provide a silicon carbide semiconductor device having excellent electrical characteristics such as channel
mobility, and a method for manufacturing the same.

MEANS FOR SOLVING THE PROBLEMS

[0005] The inventor has earnestly researched a cause of decrease in the channel mobility in order to achieve high
channel mobility in a reproducible manner in the semiconductor device using SiC as described above, and as a result,
has completed the present invention. In other words, in the above semiconductor device, the gate oxide film is formed
by the dry oxidation, and therefore, it is considered that such dry oxidation leads to the formation of many traps (interface
state) at an interface between the gate oxide film and a SiC semiconductor film located under the gate oxide film. The
presence of such interface state may become a factor of the decrease in the channel mobility described above. This is
also presumed from the fact that a threshold voltage of the above MOSFET is significantly high as compared with a
theoretical value. Hence, the inventor has searched for a method for reducing such influence of the interface state, and
as a result, has found that the channel mobility can be increased by increasing the concentration of nitrogen atoms or
the concentration of hydrogen atoms in the vicinity of the above interface. It is conceivable that this is because the
influence of the interface state can be suppressed by increasing the concentration of the nitrogen atoms or the concen-
tration of the hydrogen atoms in the vicinity of the interface. Based on such finding, a silicon carbide semiconductor
device according to the present invention includes a substrate made of silicon carbide and having an off-angle of greater
than or equal to 50° and less than or equal to 65° with respect to a surface orientation of {0001}, a semiconductor layer
and an insulating film. The semiconductor layer is formed on the substrate and is made of silicon carbide. The insulating
film is formed to contact with a surface of the semiconductor layer. A maximum value of a concentration of nitrogen
atoms in a region within 10 nm of an interface between the semiconductor layer and the insulating film is greater than
or equal to 1x1021 cm3,

[0006] In addition, a silicon carbide semiconductor device according to the present invention includes a substrate
made of silicon carbide and having an off-angle of greater than or equal to 50° and less than or equal to 65° with respect
to a surface orientation of {0001}, a semiconductor layer and an insulating film. The semiconductor layer is formed on
the substrate and is made of silicon carbide. The insulating film is formed to contact with a surface of the semiconductor
layer. A maximum value of a concentration of hydrogen atoms in a region within 10 nm of an interface between the
semiconductor layer and the insulating film is greater than or equal to 1x1021 cm3,

[0007] In addition, a silicon carbide semiconductor device according to the present invention includes a substrate
made of silicon carbide and having an off-angle of greater than or equal to 50° and less than or equal to 65° with respect
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to a surface orientation of {0001}, a semiconductor layer and an insulating film. The semiconductor layer is formed on
the substrate and is made of silicon carbide. The insulating film is formed to contact with a surface of the semiconductor
layer. A maximum value of a total concentration of nitrogen atoms and hydrogen atoms in a region within 10 nm of an
interface between the semiconductor layer and the insulating film is greater than or equal to 1x1021 ¢cm-3.

[0008] Inthis way, the mobility of carriers in the semiconductor layer in the vicinity of the interface between the insulating
film and the semiconductor layer (for example, the channel mobility when the insulating film is used as the gate insulating
film) can be increased as compared with the mobility when the nitrogen atoms or the hydrogen atoms are not contained
in the vicinity of the interface, and the on-state resistance that is lower than that of a conventional semiconductor device
using silicon can be achieved. Therefore, the silicon carbide semiconductor device with excellent electrical characteristics
that exhibits sufficiently high carrier mobility (channel mobility) can be obtained.

[0009] It is noted that the reason why the lower limit of the off-angle is set to 50° is that, as given in data that will be
described hereinafter, the carrier mobility is remarkably increased as the off-angle is increased from the (01-14) surface
whose off-angle is 43.3° to the (01-13) surface whose off-angle is 51.5°, and that there is no natural surface within a
range of the off-angle of the (01-14) surface to the off-angle of the (01-13) surface described above.

[0010] In addition, the reason why the upper limit of the off-angle is set to 65° is that the carrier mobility is remarkably
decreased as the off angle is increased from the (01-12) surface whose off-angle is 62.1° to the (01-10) surface whose
off-angle is 90°, and that there is no natural surface within a range of the off angle of the (01-12) surface to the off-angle
of the (01-10) surface described above.

[0011] In a method for manufacturing a silicon carbide semiconductor device according to the present invention, a
step of preparing a substrate made of silicon carbide and having an off angle of greater than or equal to 50° and less
than or equal to 65° with respect to a surface orientation of {0001} is first performed. A step of forming a semiconductor
layer on the substrate is performed. Furthermore, a step of forming an insulating film to contact with a surface of the
semiconductor layer is performed. A step of adjusting a concentration of nitrogen atoms in a region within 10 nm of an
interface between the semiconductor layer and the insulating film such that a maximum value of the concentration of
the nitrogen atoms is greater than or equal to 1x1021 cm-3 is performed.

[0012] In addition, in a method for manufacturing a silicon carbide semiconductor device according to the present
invention, a step of preparing a substrate made of silicon carbide and having an off-angle of greater than or equal to 50°
and less than or equal to 65° with respect to a surface orientation of {0001} is first performed. A step of forming a
semiconductor layer on the substrate is performed. Furthermore, a step of forming an insulating film to contact with a
surface of the semiconductor layer is performed. A step of adjusting a concentration of hydrogen atoms in a region within
10 nm of an interface between the semiconductor layer and the insulating film such that a maximum value of the
concentration of the hydrogen atoms is greater than or equal to 1x1021 cm-3 is performed.

[0013] In addition, in a method for manufacturing a silicon carbide semiconductor device according to the present
invention, a step of preparing a substrate made of silicon carbide and having an off-angle of greater than or equal to 50°
and less than or equal to 65° with respect to a surface orientation of {0001} is first performed. A step of forming a
semiconductor layer on the substrate is performed. Furthermore, a step of forming an insulating film to contact with a
surface of the semiconductor layer is performed. A step of adjusting a total concentration of nitrogen atoms and hydrogen
atoms in a region within 10 nm of an interface between the semiconductor layer and the insulating film such that a
maximum value of the total concentration is greater than or equal to 1x 1021 cm-3 is performed.

[0014] In this way, the silicon carbide semiconductor device having increased carrier mobility (channel mobility) ac-
cording to the present invention can be readily manufactured.

EFFECTS OF THE INVENTION

[0015] According to the present invention, a silicon carbide semiconductor device having high carrier mobility can be
obtained.

BRIEF DESCRIPTION OF THE DRAWINGS
[0016]

Fig. 1 is a schematic cross-sectional view of a semiconductor device according to the present invention.

Fig. 2 is a flowchart for illustrating a method for manufacturing the semiconductor device shown in Fig. 1.

Fig. 3 is a schematic cross-sectional view for illustrating each step of the manufacturing method shown in Fig. 2.
Fig. 4 is a schematic cross-sectional view for illustrating each step of the manufacturing method shown in Fig. 2.
Fig. 5 is a schematic cross-sectional view for illustrating each step of the manufacturing method shown in Fig. 2.
Fig. 6 is a schematic cross-sectional view for illustrating each step of the manufacturing method shown in Fig. 2.
Fig. 7 is a schematic cross-sectional view for illustrating each step of the manufacturing method shown in Fig. 2.
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Fig. 8 is a schematic cross-sectional view of a second embodiment of a semiconductor device according to the
present invention.

Fig. 9 is a schematic cross-sectional view for illustrating a method for manufacturing the semiconductor device
shown in Fig. 8.

Fig. 10 is a schematic cross-sectional view for illustrating the method for manufacturing the semiconductor device
shown in Fig. 8.

Fig. 11 is a schematic cross-sectional view for illustrating the method for manufacturing the semiconductor device
shown in Fig. 8.

Fig. 12 is a schematic cross-sectional view for illustrating the method for manufacturing the semiconductor device
shown in Fig. 8.

Fig. 13 is a schematic cross-sectional view of a third embodiment of a semiconductor device according to the present
invention.

Fig. 14 is a flowchart for illustrating a method for manufacturing the semiconductor device shown in Fig. 13.

Fig. 15 is a schematic cross-sectional view of a fourth embodiment of a semiconductor device according to the
present invention.

Fig. 16 is a flowchart for illustrating a method for manufacturing the semiconductor device shown in Fig. 15.

Fig. 17 is a flowchart for a modification of the method for manufacturing the semiconductor device shown in Fig. 16.
Fig. 18 is a graph showing the concentration of nitrogen atoms in the depth direction of a sample in Example 1 of
the present invention.

Fig. 19 is a graph showing the relationship between the measured peak value of the concentration of the nitrogen
atoms and the channel mobility.

Fig. 20 is a graph showing the relationship between the off-angle of a substrate in Example 2 of the present invention
and the channel mobility.

Fig. 21 is a graph showing the relationship between the measured peak value of the total concentration of nitrogen
atoms and hydrogen atoms and the channel mobility.

Fig. 22 is a schematic cross-sectional view of a semiconductor device prepared for measurement in Example 6.
Fig. 23 is a graph showing the CV characteristic of a sample for an example.

Fig. 24 is a graph showing the CV characteristic of a sample for a comparative example.

Fig. 25 is a graph showing the relationship between the interface state density calculated from the CV characteristic
shown in above Figs. 23 and 24, and the energy with respect to that of a conduction band.

Fig. 26 is a graph showing the relationship between the measured MOS channel mobility and the interface state
density.

DESCRIPTION OF THE REFERENCE SIGNS

[0017] 1 semiconductor device, 2 substrate, 3 epitaxial layer, 4 p-type layer, 5, 6 n* region, 7, 8 oxide film, 10 gate
electrode, 11 source electrode, 12 drain electrode, 15 opening, 21 buffer layer, 22 voltage maintained layer, 23 p region,
24 n* region, 25 p* region, 26 oxide film, 27 upper source electrode, 31 rear surface electrode, 41, 51 boundary region

BEST MODES FOR CARRYING OUT THE INVENTION

[0018] Embodiments of the present invention will be described hereinafter with reference to the drawings, wherein
the same or corresponding portions are represented by the same reference numerals, and description thereof will not
be repeated.

(First Embodiment)

[0019] Afirstembodiment of a semiconductor device according to the present invention will be described with reference
to Fig. 1.

[0020] A semiconductor device 1 shown in Fig. 1 is a lateral MOSFET (Metal-Oxide-Semiconductor Field-Effect Tran-
sistor) serving as a silicon carbide semiconductor device, and includes a substrate 2 made of silicon carbide (SiC), an
epitaxial layer 3 made of silicon carbide and formed on this substrate 2, a p-type layer 4 made of silicon carbide and
formed on this epitaxial layer 3, n* regions 5 and 6 formed in a surface of p-type layer 4 with a spacing therebetween,
an oxide film 8 serving as a gate insulating film and located on a channel region between these n* regions 5 and 6, a
gate electrode 10 formed on this oxide film 8, and a source electrode 11 and a drain electrode 12 formed on n* regions
5 and 6, respectively. Substrate 2 is a substrate having, as a main surface, the (03-38) surface whose off-angle is about
53° with respect to the surface orientation of {0001}. Substrate 2 contains n-type conductive impurities.

[0021] Epitaxial layer 3 made of silicon carbide and formed on substrate 2 is an undoped layer. P-type layer 4 formed
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on this epitaxial layer 3 contains conductive impurities exhibiting the p-type. In addition, conductive impurities exhibiting
the n-type are implanted into n* regions 5 and 6. Oxide films 7 and 8 are formed to cover these p-type layer 4 as well
as n* regions 5 and 6. These oxide films 7 and 8 have openings formed in regions located on n* regions 5 and 6. Inside
the openings, source electrode 11 and drain electrode 12 electrically connected to n* regions 5 and 6, respectively, are
formed. Gate electrode 10 is arranged on oxide film 8 acting as the gate insulating film. A channel length Lg that refers
to the distance between n* regions 5 and 6 can be set to, for example, approximately 100 wm. In addition, the channel
width can be set to, for example, approximately twice as large as above channel length Ly (approximately 200 p.m).
[0022] In the semiconductor device shown in Fig. 1, a maximum value of the concentration of nitrogen atoms in a
region within 10 nm of an interface between p-type layer 4 serving as a semiconductor layer and oxide film 8 is greater
than or equal to 1x1021 cm-3. As a result, the mobility (channel mobility) in the channel region having channel length
Lg (the region between n* regions 5 and 6 in p-type layer 4) can be set to a sufficiently large value. In addition, in
semiconductor device 1 shown in Fig. 1, the interface state density in an energy level lower than 0.1 eV that of a
conduction band is smaller than 1x 1012 cm-2eV-1.

[0023] Itis considered that the reason for this is as follows. If oxide film 8 is formed by thermal oxidation and the like,
the interface state is considerably formed at the interface between oxide film 8 and p-type layer 4 serving as the semi-
conductor layer. If no measures are taken, the channel mobility in the channel region becomes extremely small as
compared with a theoretical value. In order to address this problem, the nitrogen atoms are introduced into the interface
region between oxide film 8 and p-type layer 4 as described above, so that the influence of the interface state described
above can be reduced and the channel mobility can be enhanced.

[0024] A method for manufacturing the first embodiment of the semiconductor device according to the present invention
will be described with reference to Figs. 2 to 7.

[0025] First, as shown in Fig. 2, a substrate preparation step (S10) is performed. Specifically, in this step, a silicon
carbide substrate having, as the main surface, the surface orientation of (03-38) and having the n-type conductivity type
is prepared as substrate 2. Such substrate can be obtained by using a method of cutting the substrate from an ingot
having the (0001) surface as a main surface so as to expose the (03-38) surface as the main surface, for example.
[0026] Next, an epitaxial layer formation step (S20) is performed. Specifically, as shown in Fig. 3, undoped silicon
carbide epitaxial layer 3 is formed on substrate 2.

[0027] Next, an implantation step (S30) is performed. Specifically, the conductive impurities exhibiting the p-type
conductivity (for example, aluminum (A1)) are first implanted into epitaxial layer 3 to form p-type layer 4 as shown in
Fig. 4. Next, the impurities exhibiting the n-type conductivity type are implanted to form n* regions 5 and 6 as shown in
Fig. 5. Phosphorus (P), for example, can be used as these conductive impurities exhibiting the n-type. Any conventionally
well-known method can be utilized to form these n* regions 5 and 6. For example, the oxide film is formed to cover an
upper surface of p-type layer 4, and then, the openings having the same two-dimensional shape patterns as those of
the regions where n* regions 5 and 6 should be formed are formed in the oxide film by photolithography and etching.
Furthermore, this oxide film having the patterns formed is used as a mask and the conductive impurities are implanted.
Thus, n* regions 5 and 6 described above can be formed.

[0028] Thereafter, an activation annealing process for activating the implanted impurities is performed. In this activation
annealing process, a condition that the heating temperature is 1700°C and the heating time is 30 minutes may be used,
for example.

[0029] Next, as shown in Fig. 2, a gate insulating film formation step (S40) is performed. Specifically, upper surfaces
of p-type layer 4 as well as n* regions 5 and 6 are subjected to a sacrificial oxidation process, and then, oxide film 7
serving as the gate insulating film is formed as shown in Fig. 6. A value of, for example, 40 nm can be used as the
thickness of oxide film 7.

[0030] Next, as shown in Fig. 2, a nitrogen annealing step (S50) is performed. Specifically, a nitric oxide (NO) gas is
used as an atmosphere gas for heat treatment. As a condition for this heat treatment, a condition that the heating
temperature is 1100°C and the heating time is one hour can be used, for example. As a result, the nitrogen atoms can
be introduced into the interface region between oxide film 7 and p-type layer 4 and n* regions 5, 6. In this nitrogen
annealing step, an annealing step that an inert gas is used, e.g., an annealing step that an argon (Ar) gas is used as
the atmosphere gas may be performed after the above annealing step that the atmosphere gas containing the nitrogen
atoms is used.

[0031] Next, as shown in Fig. 2, an electrode formation step (S60) is performed. Specifically, a resist film having a
pattern is formed on oxide film 7 by using the photolithography method. This resist film is used as a mask and oxide film
7 is partially removed to form openings 15 in the regions located on n* regions 5 and 6. Inside these openings 15, a
conductor film that should form source electrode 11 and drain electrode 12 as shown in Fig. 7 is formed. This conductor
film is formed with the above resist film left. Thereafter, the above resist film is removed and the conductor film located
on oxide film 7 is removed (lifted off) together with the resist film, so that source electrode 11 and drain electrode 12 can
be formed as shown in Fig. 7. It is noted that oxide film 8 (a part of oxide film 7 shown in Fig. 6) located between source
electrode 11 and drain electrode 12 at this time will form the gate insulating film for the semiconductor device that will
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be formed.

[0032] Thereafter, gate electrode 10 (see Fig. 1) is further formed on oxide film 8 acting as the gate insulating film.
The following method can be used as a method for forming this gate electrode 10. For example, a resist film having a
pattern of an opening located at a region on oxide film 8 is formed in advance, and a conductor film that will form the
gate electrode is formed to cover the whole surface of the resist film. Then, the resist film is removed and the conductor
film other than a portion of the conductor film that should form the gate electrode is removed (lifted off). As a result, gate
electrode 10 is formed as shown in Fig. 1. Thus, the semiconductor device as shown in Fig. 1 can be obtained.

(Second Embodiment)

[0033] A second embodiment of a semiconductor device according to the present invention will be described with
reference to Fig. 8.

[0034] Referring to Fig. 8, a semiconductor device 1 according to the present invention is a vertical DIMOSFET (Double
Implanted MOSFET) and includes a substrate 2, a buffer layer 21, a voltage maintained layer 22, a p region 23, an n*
region 24, a p* region 25, an oxide film 26, a source electrode 11 and an upper source electrode 27, a gate electrode
10, and a drain electrode 12 formed on the rear surface side of substrate 2. Specifically, buffer layer 21 made of silicon
carbide is formed on a surface of substrate 2 made of silicon carbide having the n conductivity type. This buffer layer
21 has the n-type conductivity type and has a thickness of, for example, 0.5 pum, In addition, the concentration of n-type
conductive impurities in the buffer layer can be set to, for example, 5x1017 cm-3. Voltage maintained layer 22 is formed
on this buffer layer 21. This voltage maintained layer 22 is made of silicon carbide having the n-type conductivity type
and has a thickness of, for example, 10 um, In addition, a value of 5x10'5 cm-3 can be used as the concentration of n-
type conductive impurities in voltage maintained layer 22.

[0035] In a surface of this voltage maintained layer 22, p regions 23 having the p-type conductivity type are formed
with a spacing therebetween. Within p region 23, n* region 24 is formed in a surface layer of p region 23. In addition,
p* region 25 is formed at the location adjacent to this n* region 24. Oxide film 26 is formed to extend from a position on
n* region 24 in one p region 23 through p region 23, voltage maintained layer 22 exposed between two p regions 23,
and the other p region 23 to a position on n* region 24 in the other p region 23. Gate electrode 10 is formed on oxide
film 26. In addition, source electrode 11 is formed on n* region 24 and p* region 25. Upper source electrode 27 is formed
on this source electrode 11. Drain electrode 12 is formed on a rear surface opposite to the surface where buffer layer
21 is formed.

[0036] A maximum value of the concentration of nitrogen atoms in a region within 10 nm of an interface between oxide
film 26 and n* region 24, p* region 25, p region 23, and voltage maintained layer 22 serving as a semiconductor layer
is greater than or equal to 1x102! ¢cm-3. In this way, the mobility especially in a channel region under oxide film 26 (a
portion of p region 23 between n* region 24 and voltage maintained layer 22, which comes into contact with oxide film
26) can be enhanced, as is the case with the semiconductor device shown in Fig. 1. In addition, even in semiconductor
device 1 shown in Fig. 8, the interface state density in an energy level lower than 0.1 eV that of a conduction band is
smaller than 1x1012 cm-2eV-1.

[0037] Next, a method for manufacturing the semiconductor device shown in Fig. 8 will be described with reference
to Figs. 9 to 12.

[0038] A substrate preparation step (S10)is first performed similarly to the method for manufacturing the semiconductor
device shown in Fig. 2. Here, similarly to the method for manufacturing the semiconductor device in the first embodiment
of the present invention, substrate 2 (see Fig. 9) made of silicon carbide and having the (03-38) surface as a main surface
is prepared.

[0039] In addition, a substrate having the n-type conductivity type and having a substrate resistance of 0.02 Qcm, for
example, may be used as this substrate 2 (see Fig. 9).

[0040] Next, an epitaxial layer formation step (S20) is performed. Specifically, buffer layer 21 is formed on the surface
of substrate 2. As the buffer layer, an epitaxial layer made of silicon carbide having the n-type conductivity type and
having a thickness of, for example, 0.5 um is formed. A value of, for example, 5x 1017 cm-3 can be used as the concen-
tration of the conductive impurities in buffer layer 21. Then, voltage maintained layer 22 is formed on this buffer layer
21 as shown in Fig. 9. A layer made of silicon carbide having the n-type conductivity type is formed as this voltage
maintained layer 22 by using an epitaxial growth method. A value of, for example, 10 um can be used as the thickness
of this voltage maintained layer 22. In addition, a value of, for example, 5x 105 cm-3 can be used as the concentration
of the n-type conductive impurities in this voltage maintained layer 22.

[0041] Next, an implantation step (S30) is performed similarly to the step shown in Fig. 2. Specifically, an oxide film
formed by using photolithography and etching is used as a mask and the impurities having the p-type conductivity type
are implanted into voltage maintained layer 22 to form p region 23 as shown in Fig. 10. The used oxide film is removed,
and then, an oxide film having a new pattern is again formed by using photolithography and etching. Then, the oxide
film is used as a mask and the n-type conductive impurities are implanted into a prescribed region to form n* region 24.
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In addition, by using the similar method, the conductive impurities having the p-type conductivity type are implanted to
form p* region 25. As a result, the structure as shown in Fig. 10 is obtained.

[0042] After the implantation step as described above, an activation annealing process is performed. In this activation
annealing process, the argon gas can be used as the atmosphere gas, for example, and a condition that the heating
temperature is 1700°C and the heating time is 30 minutes can be used.

[0043] Next, a gate insulating film formation step (S40) is performed similarly to the step shown in Fig. 2. Specifically,
as shown in Fig. 11, oxide film 26 is formed to cover portions on voltage maintained layer 22, p region 23, n* region 24,
and p* region 25. As a condition for forming this oxide film 26, dry oxidation (thermal oxidation) may be performed, for
example. A condition that the heating temperature is 1200°C and the heating time is 30 minutes can be used as a
condition for this dry oxidation.

[0044] Thereafter, a nitrogen annealing step (S50) is performed similarly to the step shown in Fig. 2. Specifically, nitric
oxide (NO) is used as the atmosphere gas to perform the annealing process. As a temperature condition for the annealing
process, the heating temperature is set to 1100°C and the heating time is set to 120 minutes, for example. As a result,
the nitrogen atoms are introduced in the vicinity of the interface between oxide film 26 and voltage maintained layer 22,
p region 23, n* region 24, and p* region 25 that are lower layers. In addition, after this annealing step that the nitric oxide
is used as the atmosphere gas, additional annealing may be performed by using the argon (Ar) gas that is the inert gas.
Specifically, the argon gas may be used as the atmosphere gas, and a condition that the heating temperature is 1100°C
and the heating time is 60 minutes may be used.

[0045] Next, an electrode formation step (S60) is performed similarly to the step shown in Fig. 2. Specifically, a resist
film having a pattern is formed on oxide film 26 by using the photolithography method. The resist film is used as a mask
and a portion of the oxide film located on n* region 24 and p* region 25 is removed by etching. Thereafter, a conductor
film such as metal is formed on the resist film and is formed inside the opening formed in oxide film 26 to contact with
n* region 24 and p* region 25. Thereafter, the resist film is removed and the conductor film located on the resist film is
removed (lifted off). Here, nickel (Ni), for example, can be used as a conductor. As a result, as shown in Fig. 12, source
electrode 11 and drain electrode 12 can be obtained. It is noted that heat treatment for alloying is preferably performed
at this time. Specifically, the argon (Ar) gas that is the inert gas is used as the atmosphere gas, for example, and the
heat treatment (alloying process) is performed under the condition that the heating temperature is 950°C and the heating
time is 2 minutes.

[0046] Thereafter, upper source electrode 27 (see Fig. 8) is formed on source electrode 11. In addition, drain electrode
12 (seeFig. 8) is formed on the rear surface of substrate 2. Thus, the semiconductor device shownin Fig. 8 can be obtained.

(Third Embodiment)

[0047] Athirdembodimentof a semiconductor device according to the presentinvention will be described with reference
to Fig. 13.

[0048] Referring to Fig. 13, a semiconductor device 1 according to the present invention basically has a configuration
similar to that of semiconductor device 1 shown in Fig. 1. Semiconductor device 1 according to the present invention,
however, differs from semiconductor device 1 shown in Fig. 1 in that a maximum value of the concentration of hydrogen
atoms in a boundary region 41 including a region within 10 nm of an interface between a p-type layer 4 serving as a
semiconductor layer and an oxide film 8 is greater than or equal to 1x 1021 cm-3 Even in such a configuration, the mobility
(channel mobility) in a channel region including boundary region 41 can be set to a sufficiently large value, as is the
case with the semiconductor device shown in Fig. 1. It is considered that this is because the hydrogen atoms contained
in boundary region 41 reduce the interface state in semiconductor device 1 shown in Fig. 13, similarly to the nitrogen
atoms contained in the region within 10 nm of the interface between p-type layer 4 and oxide film 8 of semiconductor
device 1 shown in Fig. 1. In other words, even in the semiconductor device shown in Fig. 13, the interface state density
in an energy level lower than 0.1eV that of a conduction band is smaller than 1x10-12 cm-2eV-1.

[0049] Amethodformanufacturing the thirdembodiment of the semiconductor device according to the presentinvention
will be described with reference to Fig. 14.

[0050] The method for manufacturing the semiconductor device shown in Fig. 14 is basically similar to the method for
manufacturing the semiconductor device shown in Fig. 2. The method for manufacturing the semiconductor device
shown in Fig. 14, however, differs from the method for manufacturing the semiconductor device shown in Fig. 2 in that
a hydrogen annealing step (S70) is performed instead of the nitrogen annealing step (S50) in Fig. 2. Specifically, a
substrate preparation step (S 10), an epitaxial layer formation step (S20), an implantation step (S30), and a gate insulating
film formation step (S40) are performed similarly to the manufacturing method shown in Fig. 2. Thereafter, the hydrogen
annealing step (S70) is performed. Specifically, a hydrogen gas (H,) is used as the atmosphere gas for heat treatment.
As a condition for this heat treatment, a condition that the heating temperature is 1100°C and the heating time is one
hour can be used, for example. As a result, the hydrogen atoms can be introduced into an interface region between an
oxide film 7 and p-type layer 4 and n* regions 5, 6. In addition, in this hydrogen annealing step, an annealing step that
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the inert gas is used, e.g., an annealing step that the argon (Ar) gas is used as the atmosphere gas may be performed
after the above annealing step that the atmosphere gas containing the hydrogen atoms is used. Moreover, in the above
hydrogen annealing step (S70), water vapor or water vapor-containing hydrogen gas may be used as the atmosphere
gas instead of the hydrogen gas.

[0051] Thereafter, as shown in Fig. 14, an electrode formation step (S60) is performed similarly to the manufacturing
method shown in Fig. 2, and thus, semiconductor device 1 shown in Fig. 13 can be obtained.

(Fourth Embodiment)

[0052] A fourth embodiment of a semiconductor device according to the present invention will be described with
reference to Fig. 15.

[0053] Referring to Fig. 15, a semiconductor device 1 according to the present invention basically has a configuration
similar to that of semiconductor device 1 shown in Fig. 1. Semiconductor device 1 according to the present invention,
however, differs from semiconductor device 1 shown in Fig. 1 in that a maximum value of the total concentration of
nitrogen atoms and hydrogen atoms in a boundary region 51 including a region within 10 nm of an interface between a
p-type layer 4 serving as a semiconductor layer and an oxide film 8 is greater than or equal to 1x102! cm-3. Even in
such a configuration, the mobility (channel mobility) in a channel region including boundary region 41 can be set to a
sufficiently large value, as is the case with the semiconductor device shownin Fig. 1. In addition, even in the semiconductor
device shown in Fig. 15, the interface state density in an energy level lower than 0.1 eV that of a conduction band is
smaller than 1x1012 cm-2eV-1.

[0054] A method for manufacturing the fourth embodiment of the semiconductor device according to the present
invention will be described with reference to Fig. 16.

[0055] The method for manufacturing the semiconductor device shown in Fig. 16 is basically similar to the method for
manufacturing the semiconductor device shown in Fig. 2. The method for manufacturing the semiconductor device
shown in Fig. 16, however, differs from the method for manufacturing the semiconductor device shown in Fig. 2 in that
a hydrogen annealing step (S70) is performed after a nitrogen annealing step (S50) and before an electrode formation
step (S60) in Fig. 16. Specifically, a substrate preparation step (S10), an epitaxial layer formation step (S20), an implan-
tation step (S30), a gate insulating film formation step (S40), and the nitrogen annealing step (S50) are performed
similarly to the manufacturing method shown in Fig. 2. Thereafter, the hydrogen annealing step (S70) is performed. In
this step (S70), a condition similar to that for the hydrogen annealing step (S70) in the manufacturing method in the third
embodiment (the condition for annealing where the hydrogen gas is used) can be used. As a result, the nitrogen atoms
and the hydrogen atoms can be introduced into an interface region between an oxide film 7 and p-type layer 4 and n*
regions 5, 6. It is noted that, in the above hydrogen annealing step (S70), water vapor or water vapor-containing oxygen
gas may be used as the atmosphere gas instead of the hydrogen gas. In addition, the hydrogen annealing step (S70)
may be performed before the nitrogen annealing step (S50). Moreover, the hydrogen annealing step (S70) and the
nitrogen annealing step (S50) may be simultaneously performed by heat treatment that the atmosphere gas containing
the hydrogen atoms and the nitrogen atoms is used.

[0056] Thereafter, as shown in Fig. 16, the electrode formation step (S60) is performed similarly to the manufacturing
method shown in Fig. 2, and thus, semiconductor device 1 shown in Fig. 15 can be obtained.

[0057] A modification of the method for manufacturing the fourth embodiment of the semiconductor device according
to the present invention will be described with reference to Fig. 17.

[0058] A method for manufacturing a semiconductor device shown in Fig. 17 is basically similar to the method for
manufacturing the semiconductor device shown in Fig. 16. The method for manufacturing the semiconductor device
shown in Fig. 17, however, differs from the method for manufacturing the semiconductor device shown in Fig. 16 in that
a post heat treatment step (S80) is performed after the hydrogen annealing step (S70) and before the electrode formation
step (S60) in Fig. 16. Specifically, a substrate preparation step (S10), an epitaxial layer formation step (S20), an implan-
tation step (S30), a gate insulating film formation step (S40), a nitrogen annealing step (S50), and a hydrogen annealing
step (S70) are performed similarly to the manufacturing method shown in Fig. 16. Thereafter, the post heat treatment
step (S80) is performed. Specifically, an annealing step that the inert gas is used is performed. As a condition for this
annealing step, the inert gas (for example, argon (Ar)) can be used as the atmosphere gas, and a condition that the
heating temperature is 1100°C and the heating time is 60 minutes can be used. Such annealing step that the inert gas
is used allows more reliable production of an effect of reducing the interface state by the nitrogen atoms and the hydrogen
atoms introduced into a channel region through the nitrogen annealing step (S50) and the hydrogen annealing step (S70).
[0059] Thereafter, as shown in Fig. 17, an electrode formation step (S60) is performed similarly to the manufacturing
method shown in Fig. 2, and thus, semiconductor device 1 shown in Fig. 15 can be obtained.

[0060] It is noted that a heat treatment step similar to the above post heat treatment step (S80) may be additionally
performed between the nitrogen annealing step (S50) and the hydrogen annealing step (S70). In addition, in addition,
in the manufacturing method shown in Fig. 17, the hydrogen annealing step (S70) may also be performed before the
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nitrogen annealing step (S50). Moreover, the hydrogen annealing step (S70) and the nitrogen annealing step (S50) may
be simultaneously performed by heat treatment that the atmosphere gas containing the hydrogen atoms and the nitrogen
atoms is used.

[0061] Althoughthelateral MOSFET is shown as semiconductor device 1 in the third and fourth embodiments described
above, the characteristics of the third and fourth embodiments may be applied to the vertical DIMOSFET shown in Fig.
8. In other words, in semiconductor device 1 shown in Fig. 8, the maximum value of the concentration of the hydrogen
atoms in the region within 10 nm of the interface between oxide film 26 and n* region 24, p* region 25, p region 23, and
voltage maintained layer 22 serving as the semiconductor layer, or the maximum value of the total concentration of the
nitrogen atoms and the hydrogen atoms can be set to greater than or equal to 1x1021cm-1.

[0062] In addition, it is preferable that substrate 2 forming semiconductor device 1 shown in the above first to fourth
embodiments has an off-orientation in a range of less than or equal to +5° in the <11-20> direction or in a range of less
than or equal to +=5° in the <01-10> direction. Moreover, it is more preferable that the main surface of substrate 2 forming
semiconductor device 1 in the above first to fourth embodiments has a surface orientation whose off-angle is greater
than or equal to -3° and less than or equal to +5° with respect to the surface orientation of {03-38}.

[0063] Here, the characteristic configuration of the present invention will be enumerated, a part of which overlaps
those in the above embodiments.

[0064] A semiconductor device 1 serving as a silicon carbide semiconductor device according to the present invention
includes a substrate 2 made of silicon carbide and having an off-angle of greater than or equal to 50° and less than or
equal to 65° with respect to a surface orientation of {0001}, a semiconductor layer (p-type layer 4 in Fig. 1, p region 23
in Fig. 8), and an insulating film (oxide film 8 in Fig. 1, oxide film 26 in Fig. 8). The semiconductor layer (p-type layer 4,
p region 23) is formed on substrate 2 and is made of silicon carbide. The insulating film (oxide film 8, 26) is formed to
contact with a surface of the semiconductor layer (p-type layer 4 including the channel region, p region 23). A maximum
value of a concentration of nitrogen atoms in a region within 10 nm of an interface between the semiconductor layer and
the insulating film (interface between the channel region and oxide film 8, 26) is greater than or equal to 1x 1021 cm-3.
[0065] In this way, the mobility of carriers (channel mobility) in a channel region in the vicinity of the interface between
oxide film 8, 26 acting as a gate insulating film and the channel region can be increased as compared with a case where
the nitrogen atoms are not contained in the vicinity of the interface, and the on-state resistance that is lower than that
of the conventional semiconductor device using silicon can be achieved. Therefore, semiconductor device 1 with excellent
electrical characteristics that exhibits sufficiently high channel mobility can be obtained. It is noted that the reason why
the maximum value of the concentration of the nitrogen atoms is set to greater than or equal to 1x 1021 cm-3 as described
above is that, when the concentration of the nitrogen atoms is set to greater than or equal to the above value, the channel
mobility can be set to a practically sufficient value, that is, greater than or equal to 50 cm2/Vs.

[0066] In above semiconductor device 1, hydrogen atoms may be contained in the region within 10 nm of the interface
between the semiconductor layer (p-type layer 4 in Fig. 1, p region 23 in Fig. 8) and the insulating film (oxide film 8, 26).
In this case, the interface state in the region can be reduced more reliably.

[0067] A semiconductor device 1 serving as a silicon carbide semiconductor device according to the present invention
includes a substrate 2 made of silicon carbide and having an off-angle of greater than or equal to 50° and less than or
equal to 65° with respect to a surface orientation of {0001}, a semiconductor layer (p-type layer 4 in Fig. 13, p region 23
in Fig. 8), and an insulating film (oxide film 8 in Fig. 13, oxide film 26 in Fig. 8). The semiconductor layer (p-type layer
4, p region 23) is formed on substrate 2 and is made of silicon carbide. The insulating film (oxide film 8, 26) is formed
to contact with a surface of the semiconductor layer (p-type layer 4 including the channel region, p region 23). A maximum
value of a concentration of hydrogen atoms in a region within 10 nm of an interface between the semiconductor layer
and the insulating film (for example, an interface between the channel region and oxide film 8, 26 included in boundary
region 41 in Fig. 13) is greater than or equal to 1x1021 cm-3.

[0068] In this way, the mobility of carriers in a channel region in the vicinity of the interface between oxide film 8, 26
acting as a gate insulating film and the channel region can be increased as compared with a case where the hydrogen
atoms are not contained in the vicinity of the interface, and the on-state resistance thatis lower than that of the conventional
semiconductor device using silicon can be achieved. It is noted that the reason why the maximum value of the concen-
tration of the hydrogen atoms is set to greater than or equal to 1xX102" cm-3 as described above is that, when the
concentration of the hydrogen atoms is set to greater than or equal to the above value, the channel mobility can be set
to a practically sufficient value, that is, greater than or equal to 50 cm?2/Vs.

[0069] In above semiconductor device 1, nitrogen atoms may be contained in the region within 10 nm of the interface
between the semiconductor layer (p-type layer 4 in Fig. 13, p region 23 in Fig. 8) and the insulating film (oxide film 8 in
Fig. 13, oxide film 26 in Fig. 8). In this case, the interface state in the region can be reduced more reliably.

[0070] A semiconductor device 1 serving as a silicon carbide semiconductor device according to the present invention
includes a substrate 2 made of silicon carbide and having an off-angle of greater than or equal to 50° and less than or
equal to 65° with respect to a surface orientation of {0001}, a semiconductor layer (p-type layer 4 in Fig. 15, p region 23
in Fig. 8), and an insulating film (oxide film 8 in Fig. 15, oxide film 26 in Fig. 8). The semiconductor layer (p-type layer
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4, p region 23) is formed on substrate 2 and is made of silicon carbide. The insulating film (oxide film 8, 26) is formed
to contact with a surface of the semiconductor layer (p-type layer 4 including the channel region, p region 23). A maximum
value of a total concentration of nitrogen atoms and hydrogen atoms in a region within 10 nm of an interface between
the semiconductor layer and the insulating film (for example, an interface between the channel region and oxide film 8,
26 included in boundary region 51 in Fig. 15) is greater than or equal to 1x1021 cm-3,

[0071] In this way, the mobility of carriers in the channel region in the vicinity of the interface between oxide film 8, 26
acting as a gate insulating film and the channel region can be increased as compared with a case where the nitrogen
atoms and the hydrogen atoms are not contained in the vicinity of the interface, and the on-state resistance that is lower
than that of the conventional semiconductor device using silicon can be achieved. It is noted that the reason why the
maximum value of the total concentration of the nitrogen atoms and the hydrogen atoms is set to greater than or equal
to 1x1021 cm3 as described above is that, when the total concentration is set to greater than or equal to the above
value, the channel mobility can be set to a practically sufficient value, that is, greater than or equal to 50 cm2/Vs.
[0072] In above semiconductor device 1, an interface state density in an energy level lower than 0.1 eV that of a
conduction band is preferably smaller than 1x 1012 cm-2eV-1. In this case, the interface state density as described above
allows the mobility of the carriers in the channel region to be sufficiently increased. It is noted that, when the above
interface state density is larger than 1x1012 cm-2eV-1, the channel mobility in semiconductor device 1 falls below 50
cm?2/Vs that is considered as the practically sufficient value, and therefore, it is preferable to set a value of the interface
state density to smaller than 1x10'2 cm-2eV-1 as described above.

[0073] In above semiconductor device 1, substrate 2 may have an off-orientation in a range of less than or equal to
+5°%in a <11-20> direction. In addition, substrate 2 made of silicon carbide may be a SiC substrate having a 4H polytype.
In above semiconductor device 1, substrate 2 may have an off-orientation in a range of less than or equal to £5° in a
<01-10> direction. In this case, the above off-orientation is a typical off-orientation in the SiC substrate having the 4H
polytype, and an epitaxial layer can be readily formed on the SiC substrate. It is noted that, in consideration of processing
variations during slicing of the substrate, the range of the off-orientation is set to less than or equal to +5°, respectively.
[0074] Inabove semiconductor device 1, a main surface of substrate 2 may have a surface orientation whose off angle
is greater than or equal to -3° and less than or equal to +5° with respect to a surface orientation of {03-38}. In addition,
more preferably, the main surface of the substrate has the surface orientation of substantially {03-38}, and still more
preferably, the main surface of the substrate has the surface orientation of {03-38}. Here, a state in which the main
surface of the substrate has the surface orientation of substantially {03-38} means that, because of the processing
accuracy and the like of the substrate, the surface orientation of the main surface of the substrate is within the range of
the off-angle where the surface orientation can be regarded as substantially {03-38}. The range of the off-angle in this
case is such that the off-angle is =2° with respect to {03-38}, for example. In this case, the carrier mobility (channel
mobility) described above can be maximized.

[0075] It is noted that the reason why the range of the off-angle in an arbitrary direction with respect to the surface
orientation of {03-38} is set to greater than or equal to -3° and less than or equal to +5° is that, as can be seen from data
that will be described hereinafter, at least the above range can be considered as the range of the off-angle where the
channel mobility of greater than or equal to approximately 90 cm?2/V's that is considered as the excellent carrier mobility
(channel mobility) is obtained.

[0076] In a method for manufacturing a silicon carbide semiconductor device according to the present invention, a
step of preparing a substrate 2 made of silicon carbide and having an off-angle of greater than or equal to 50° and less
than or equal to 65° with respect to a surface orientation of {0001} (substrate preparation step (S10)) is first performed.
A step of forming a semiconductor layer on substrate 2 (epitaxial layer formation step (S20)) is performed. Furthermore,
a step of forming an insulating film to contact with a surface of the semiconductor layer (gate insulating film formation
step (S40)) is performed. A step of adjusting a concentration of nitrogen atoms in a region within 10 nm of an interface
between the semiconductor layer and the insulating film such that a maximum value of the concentration of the nitrogen
atoms is greater than or equal to 1x 1021 cm-3 (nitrogen annealing step (S50)) is performed. In this way, a semiconductor
device 1 according to the present invention having increased carrier mobility (channel mobility) can be readily manufac-
tured.

[0077] The above method for manufacturing a silicon carbide semiconductor device may further include a step of
introducing hydrogen atoms into the region within 10 nm of the interface between the semiconductor layer (p-type layer
4, p region 23) and the insulating film (oxide film 8, 26) (for example, hydrogen annealing step (S70) in Fig. 16 or 17).
In this case, the silicon carbide semiconductor device containing the hydrogen atoms in addition to the nitrogen atoms
can be readily manufactured in the above region.

[0078] Inthe above method for manufacturing a silicon carbide semiconductor device, the step of introducing hydrogen
atoms (hydrogen annealing step (S70)) includes a step of using a gas containing the hydrogen atoms as an atmosphere
gas for heat treatment of the substrate where the insulating film (oxide film 8, 26) is formed. In this case, the concentration
of the hydrogen atoms in the vicinity of the interface between the semiconductor layer (p-type layer 4 including the
channel region, p region 23) and oxide film 8, 26 can be readily adjusted.
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[0079] Inthe above method for manufacturing a silicon carbide semiconductor device, the step of introducing hydrogen
atoms (hydrogen annealing step (S70)) may include a step of using the gas containing the hydrogen atoms as the
atmosphere gas for heat treatment, and then, using an inert gas as the atmosphere gas for heat treatment of the substrate.
In this case, the carrier mobility in semiconductor device 1 can be further increased.

[0080] In the above method for manufacturing a silicon carbide semiconductor device, the nitrogen annealing step
(S50) may include a step of using a gas containing the nitrogen atoms as an atmosphere gas for heat treatment of
substrate 2 where the insulating film (oxide film 8, 26) is formed. In this case, the concentration of the nitrogen atoms
in the vicinity of the interface between the semiconductor layer (p-type layer 4 including the channel region, p region 23)
and oxide film 8, 26 can be readily adjusted.

[0081] In the above method for manufacturing a silicon carbide semiconductor device, the nitrogen annealing step
(S50) may include a step of using the above gas containing the nitrogen atoms as the atmosphere gas for heat treatment,
and then, using an inert gas (Ar gas) as the atmosphere gas for heat treatment of substrate 2. In this case, the carrier
mobility in semiconductor device 1 can be further increased.

[0082] In a method for manufacturing a silicon carbide semiconductor device according to the present invention, a
step of preparing a substrate 2 made of silicon carbide and having an off-angle of greater than or equal to 50° and less
than or equal to 65° with respect to a surface orientation of {0001} (substrate preparation step (S10)) is first performed.
A step of forming a semiconductor layer on substrate 2 (epitaxial layer formation step (S20)) is performed. Furthermore,
a step of forming an insulating film to contact with a surface of the semiconductor layer (gate insulating film formation
step (S40)) is performed. A step of adjusting a concentration of hydrogen atoms in a region within 10 nm of an interface
between the semiconductor layer and the insulating film such that a maximum value of the concentration of the hydrogen
atoms is greater than or equal to 1x 1021 cm-3 (hydrogen annealing step (S70)) is performed. In this way, a semiconductor
device 1 according to the present invention having increased carrier mobility (channel mobility) can be readily manufac-
tured.

[0083] The above method for manufacturing a silicon carbide semiconductor device may further include a step of
introducing nitrogen atoms into the region within 10 nm of the interface between the semiconductor layer (p-type layer
4, p region 23) and the insulating film (oxide film 8, 26) (nitrogen annealing step (S50)). In this case, the silicon carbide
semiconductor device containing the nitrogen atoms in addition to the hydrogen atoms can be readily manufactured in
the above region.

[0084] Inthe above method for manufacturing a silicon carbide semiconductor device, the step of introducing nitrogen
atoms (nitrogen annealing step (S50)) includes a step of using a gas containing the nitrogen atoms as an atmosphere
gas for heat treatment of the substrate where the insulating film (oxide film 8, 26) is formed. In this case, the concentration
of the nitrogen atoms in the vicinity of the interface between the semiconductor layer (p-type layer 4 including the channel
region, p region 23) and oxide film 8, 26 can be readily adjusted.

[0085] Inthe above method for manufacturing a silicon carbide semiconductor device, the step of introducing nitrogen
atoms (nitrogen annealing step (S50)) may include a step of using the gas containing the nitrogen atoms as the atmos-
phere gas for heat treatment, and then, using an inert gas as the atmosphere gas for heat treatment of the above-
described substrate. In this case, the carrier mobility in semiconductor device 1 can be further increased.

[0086] In the above method for manufacturing a silicon carbide semiconductor device, the step of adjusting a concen-
tration of hydrogen atoms (hydrogen annealing step (S70)) may include a step of using a gas containing the hydrogen
atoms as an atmosphere gas for heat treatment of the substrate where the insulating film (oxide film 8, 26) is formed.
In this case, the concentration of the hydrogen atoms in the vicinity of the interface between the semiconductor layer
(p-type layer 4 including the channel region, p region 23) and oxide film 8, 26 can be readily adjusted.

[0087] In the above method for manufacturing a silicon carbide semiconductor device, the step of adjusting a concen-
tration of hydrogen atoms (hydrogen annealing step (S70)) may include a step of using the gas containing the hydrogen
atoms as the atmosphere gas for heat treatment, and then, using an inert gas as the atmosphere gas for heat treatment
of the substrate. In this case, the carrier mobility in semiconductor device 1 can be further increased.

[0088] Inthe above method for manufacturing a silicon carbide semiconductor device, the gas containing the hydrogen
atoms may be water vapor or water vapor-containing oxygen gas. In this case, since the water vapor that is easily
available and easy to handle is used, the above hydrogen annealing step (S70) can be performed with relative ease.
[0089] In a method for manufacturing a silicon carbide semiconductor device according to the present invention, a
step of preparing a substrate 2 made of silicon carbide and having an off-angle of greater than or equal to 50° and less
than or equal to 65° with respect to a surface orientation of {0001} (substrate preparation step (S10)) is performed. A
step of forming a semiconductor layer on substrate 2 (epitaxial layer formation step (S20)) is performed. Furthermore,
a step of forming an insulating film to contact with a surface of the semiconductor layer (gate insulating film formation
step (S40)) is performed. A step of adjusting a total concentration of nitrogen atoms and hydrogen atoms in a region
within 10 nm of an interface between the semiconductor layer and the insulating film such that a maximum value of the
total concentration is greater than or equal to 1x1021 cm-3 (nitrogen annealing step (S50) and hydrogen annealing step
(S70)) is performed. In this way, a semiconductor device 1 according to the present invention having increased carrier
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mobility (channel mobility) can be readily manufactured.
(Example 1)
[0090] The details of an experiment conducted to check the effect of the presentinvention will be described hereinafter.
(As to Sample)

[0091] A semiconductor device having a structure shown in Fig. 1 was fabricated as a sample as follows. An epitaxial
layer 3 having a thickness of 10 um was formed on an n-type silicon carbide substrate 2 having a thickness of 400 um,
and a p-type layer 4 having a thickness of 1 um was formed on epitaxial layer 3. Then, phosphorus (P) was implanted
as n-type conductive impurities for n* regions 5 and 6, when a value of 1x1020 cm3 was used as the concentration of
the impurities. In addition, the gate length (channel length Lg) that refers to the distance between n* regions 5 and 6
was set to 100 wm. Moreover, the gate width (channel width) was set to 200 pm.

[0092] A sample that was subjected to nitrogen annealing after formation of an oxide film by a dry oxidation process
was fabricated as a sample for Example 1 of the present invention. In addition, a sample that was subjected to the
nitrogen annealing after formation of an oxide film, and further subjected to an annealing process where the argon gas
serving as the inert gas was used as the atmosphere (argon annealing process) was fabricated as a sample for Example
2 of the present invention. Here, as a condition for the dry oxidation process to form an oxide film 8, a condition that the
heating temperature was 1200°C and the heating time was 30 minutes was used. In the nitrogen annealing step for the
sample for Example 1 of the present invention, the nitric oxide gas was used as the atmosphere gas, and the heating
temperature was set to 1100°C and the heating time was set to 60 minutes. In the nitrogen annealing step for the sample
for Example 2 of the present invention, the nitric oxide gas was used as the atmosphere gas, and the heating temperature
was set to 1100°C and the heating time was set to 120 minutes. In the argon annealing process for the sample for
Example 2 of the present invention, the argon gas was used as the atmosphere gas, and a condition that the heating
temperature was 1100°C and the heating time was 60 minutes was used.

[0093] In addition, a sample that was not subjected to the nitrogen annealing step after formation of a gate insulating
film was fabricated as a sample for a comparative example. The above oxide film in Example 1 had a thickness of 40
nm, the oxide film in Example 2 had a thickness of 46 nm, and the oxide film in the comparative example had a thickness
of 33 nm.

[0094] After the insulating film as described above was formed, a source electrode 11 and a drain electrode 12 were
formed, and further, a gate electrode 10 was formed on oxide film 8 serving as the gate insulating film as shown in Fig.
1, similarly to the manufacturing method in the first embodiment of the present invention. Source electrode 11 and drain
electrode 12 were made of nickel (Ni) and had a thickness of 0.1 1 um. In addition, gate electrode 10 was made of
aluminum (A1) and had a thickness of 1 um.

(Method of Measurement)

[0095] The concentration distribution of nitrogen atoms in the depth direction in the vicinity of an interface between
oxide film 8 and p-type layer 4 serving as a semiconductor layer was measured as to each of the samples described
above. The SIMS (secondary ion mass spectroscopy) was used as a method of measurement. In addition, the channel
mobility was measured in the formed semiconductor devices. The following method was used as a method of measure-
ment. A source-drain voltage was set to Vpg = 0.1V and a gate voltage VG was applied to measure a source-drain
current Ipg (to measure the gate voltage dependency). Then, assuming that g,,, = (3lpg)/(8Vg), @ maximum value of the
channel mobility with respect to the gate voltage was determined from the following equation:

channel mobility p = gux(Lxd)/(WxexVps)

(where L: gate length, d: thickness of the oxide film, W: gate width, &: permittivity of the oxide film).

(Result of Measurement)

[0096] The concentration distribution of the nitrogen atoms in the depth direction was basically as shown in Fig. 18.
In Fig. 18, the horizontal direction indicates the depth from the surface of the oxide film and it is expressed in the unit

nm. The vertical axis indicates the concentration of the nitrogen atoms (it is expressed in the unit cm-3). As can be seen
from Fig. 18, the nitrogen atoms had the highest concentration in the interface portion between oxide film 8 and p-type
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layer 4 serving as the semiconductor layer. It is seen that the nitrogen atoms were distributed within a range of =10 nm
around the interface between oxide film 8 and p-type layer 4. Although Fig. 18 shows the measurement data about
Example 1, the substantially similar concentration distribution of the nitrogen atoms was also obtained as to Example
2. In Example 2, however, the maximum value (peak value) of the concentration of the nitrogen atoms was higher than
that in Example 1.

[0097] Next, the result of the measurement of the mobility in the channel is shown in Fig. 19. The horizontal axis in
Fig. 19 indicates the peak value of the concentration of the nitrogen atoms (peak concentration of the nitrogen atoms)
measured in each sample. It is expressed in the unit cm=3. The vertical axis in Fig. 19 indicates the channel mobility in
the measured semiconductor devices (MOS channel mobility). It is expressed in the unit cm2/Vs.

[0098] As shown in Fig. 19, the sample for the comparative example had the lowest peak concentration of the nitrogen
atoms, and at the same time, had the lowest value of the channel mobility. On the other hand, the samples for Examples
1 and 2 both had higher peak concentration of the nitrogen atoms, and at the same time, had larger values of the channel
mobility than that of the sample for the comparative example. Comparing the sample for Example 1 and the sample for
Example 2, the sample for Example 2 having higher peak concentration of the nitrogen atoms had a larger value of the
channel mobility than that of the sample for Example 1.

[0099] Here, as compared with the conventional MOSFET using silicon, a minimum value required for the channel
mobility to achieve lower on-state resistance is considered as 50 cm2/Vs. Therefore, even in consideration of variations
in the process, it is considered that a sufficient value of the channel mobility can be achieved if the peak concentration
of the nitrogen atoms is set to greater than or equal to 1x1021 cm-3, based on Fig. 19.

(Example 2)

[0100] Next, the relationship between the off-angle of substrate 2 and the channel mobility was checked. The specific
description will follow.

(Sample)

[0101] A sample was fabricated by using a manufacturing method similar to the method for manufacturing the sample
for Example 2 described above. Specifically, different surface orientations of main surfaces of substrates were used to
fabricate four types of samples for comparative examples and three types of samples for examples of the present
invention. In other words, a silicon carbide substrate whose main surface has a surface orientation where an off-angle
is 8° with respect to (0001) (8°-off substrate with respect to (0001)) was prepared as a comparative example 1. A substrate
whose main surface has a surface orientation indicated by (01-15) was prepared as a comparative example 2. A substrate
whose main surface has a surface orientation indicated by (01-14) was prepared as a comparative example 3. A substrate
whose main surface has a surface orientation where an off-angle is 70° with respect to (0001) was prepared as a
comparative example 4. In addition, as for the examples of the present invention, a substrate whose main surface has
a surface orientation indicated by (01-13) was prepared as Example 1. A substrate whose main surface has a surface
orientation indicated by (03-38) was prepared as Example 2. A substrate whose main surface has a surface orientation
indicated by (01-12) was prepared as Example 3. Then, these different substrates were used to form semiconductor
devices having similar structures as the samples described above.

(Method of Measurement)

[0102] The channel mobility was measured as to each of the samples described above. As a method for measuring
the channel mobility, a method basically similar to the method for measuring the channel mobility in Example 1 was used.

(Result of Measurement)

[0103] The result of the measurement is shown in Fig. 20. The horizontal axis in Fig. 20 indicates the off-angle (unit:
°) of the main surface of the substrate forming each sample with respect to the surface orientation of {0001} . The vertical
axis indicates the channel mobility (unit: cm2/Vs) similarly to the vertical axis in Fig. 19. As can be seen from Fig. 20, in
the samples for Examples 1 to 3 having the off-angles in the range corresponding to the examples of the present invention
(greater than or equal to 50° and less than or equal to 65°), the values of the channel mobility were significantly increased
as compared with those of the comparative examples.

(Example 3)

[0104] Next, the details of an experiment conducted to check the effect when hydrogen atoms are introduced into a
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region within 10 nm of an interface between a semiconductor layer and an insulating film will be described.
(As to Sample)

[0105] A semiconductor device having a structure shown in Fig. 1 was fabricated as a sample as follows. An epitaxial
layer 3 having a thickness of 10 um was formed on an n-type silicon carbide substrate 2 having a thickness of 400 pm,
and a p-type layer 4 having a thickness of 1 um was formed on epitaxial layer 3. Then, phosphorus (P) was implanted
as n-type conductive impurities for n* regions 5 and 6, when a value of 1x1020 cm-3 was used as the concentration of
the impurities. In addition, the gate length (channel length Lg) that refers to the distance between n* regions 5 and 6
was set to 100 wum. Moreover, the gate width (channel width) was set to 200 pm.

[0106] A sample that was subjected to hydrogen annealing after formation of an oxide film by a dry oxidation process
was fabricated as a sample for Example 1 of the present invention. In addition, a sample that was subjected to the
hydrogen annealing after formation of an oxide film, and further subjected to an annealing process where the argon gas
serving as the inert gas was used as the atmosphere (argon annealing process) was fabricated as a sample for Example
2 of the present invention. Here, as a condition for the dry oxidation process to form an oxide film 8, a condition that the
heating temperature was 1200°C and the heating time was 30 minutes was used. In the hydrogen annealing step for
the sample for Example 1 of the present invention, the hydrogen gas was used as the atmosphere gas, and the heating
temperature was set to 1100°C and the heating time was set to 60 minutes. As a condition for the hydrogen annealing
for the sample for Example 2 of the present invention, the hydrogen gas was used as the atmosphere gas, and a condition
that the heating temperature was 1100°C and the heating time was 120 minutes was used. In the argon annealing
process for the sample for Example 2, the argon gas was used as the atmosphere gas, and the heating temperature
was set to 1100°C and the heating time was set to 60 minutes.

[0107] In addition, a sample that was not subjected to the hydrogen annealing step after formation of a gate insulating
film was fabricated as a sample for a comparative example. It is noted that the above oxide film in Example 1 had a
thickness of 40 nm, the oxide film in Example 2 had a thickness of 45 nm, and the oxide film in the comparative example
had a thickness of 33 nm.

[0108] After the insulating film as described above was formed, a source electrode 11 and a drain electrode 12 were
formed, and further, a gate electrode 10 was formed on oxide film 8 serving as the gate insulating film as shown in Fig.
1, similarly to the manufacturing method in the first embodiment of the present invention. Source electrode 11 and drain
electrode 12 were made of nickel (Ni) and had a thickness of 0.1 um. In addition, gate electrode 10 was made of aluminum
(A1) and had a thickness of 1 um.

(Method of Measurement)

[0109] The concentration distribution of the hydrogen atoms in the depth direction in the vicinity of the interface between
oxide film 8 and p-type layer 4 serving as the semiconductor layer was measured as to each of the samples described
above by using a method similar to the method of measurement in the test of Example 1 that has been already discussed.
In other words, the SIMS (secondary ion mass spectroscopy) was used as a method of measurement. In addition, the
channel mobility was measured in the formed semiconductor devices. A method similar to the method of measurement
in the test of Example 1 was used as a method of measurement.

(Result of Measurement)

[0110] The concentration distribution of the hydrogen atoms in the depth direction was basically similar to the con-
centration distribution of the nitrogen atoms shown in Fig. 18. In other words, similarly to the concentration distribution
of the nitrogen atoms shown in Fig. 18, the hydrogen atoms had the highest concentration in the interface portion between
oxide film 8 and p-type layer 4 serving as the semiconductor layer, and the value thereof was greater than or equal to
1x1021 cm-3. The hydrogen atoms were distributed within a range of +10 nm around the interface between oxide film
8 and p-type layer 4. It is noted that both samples for Examples 1 and 2 described above showed the substantially similar
concentration distribution of the hydrogen atoms. In the sample for Example 2, however, the maximum value (peak
value) of the concentration of the hydrogen atoms was higher than that of the sample for Example 1.

[0111] Next, as for the result of the measurement of the mobility in the channel, the relationship similar to the previously-
described relationship between the peak value of the concentration of the nitrogen atoms and the channel mobility as
shown in Fig. 19 was obtained.

[0112] In other words, as is the case with Fig. 19, the sample for the comparative example had the lowest peak
concentration of the hydrogen atoms, and at the same time, had the lowest value of the channel mobility. On the other
hand, the samples for Examples 1 and 2 both had higher peak concentration of the hydrogen atoms, and at the same
time, had larger values of the channel mobility than that of the sample for the comparative example. Comparing the
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sample for Example 1 and the sample for Example 2, the sample for Example 2 having higher peak concentration of
the hydrogen atoms had a larger value of the channel mobility than that of the sample for Example 1. It is noted that,
when an approximate line approximating the data that indicates the relationship between the peak concentration of the
hydrogen atoms and the channel mobility was plotted in the graph, a curve substantially similar to the approximate line
(curve) in the graph shown in Fig. 19 was obtained.

[0113] Here, as compared with the conventional MOSFET using silicon, a minimum value required for the channel
mobility to achieve lower on-state resistance is considered as 50 cm2/Vs. Therefore, even in consideration of variations
in the process, it is considered that a sufficient value of the channel mobility can be achieved if the peak concentration
of the hydrogen atoms is set to greater than or equal to 1x102! cm-3, as is the case with the peak concentration of the
nitrogen atoms.

(Example 4)

[0114] Next, the details of an experiment in which water vapor was used as the atmosphere gas for heat treatment to
introduce hydrogen atoms into a region within 10 nm of an interface between a semiconductor layer and an insulating film.

(As to Sample)

[0115] A semiconductor device having a structure shown in Fig. 1 was fabricated as a sample. A method for producing
the sample is basically similar to the above method for producing the sample in Example 3. In other words, an epitaxial
layer 3 having a thickness of 10 um was formed on an n-type silicon carbide substrate 2 having a thickness of 400 um,
and a p-type layer 4 having a thickness of 1 um was formed on epitaxial layer 3. Then, phosphorus (P) was implanted
as n-type conductive impurities for n* regions 5 and 6, when a value of 1x1020 cm=3 was used as the concentration of
the impurities. In addition, the gate length (channel length Lg) that refers to the distance between n* regions 5 and 6
was set to 100 wm. Moreover, the gate width (channel width) was set to 200 pm.

[0116] A sample that was subjected to water vapor-containing oxygen gas annealing after formation of an oxide film
by a dry oxidation process was fabricated as a sample for Example 1 of the present invention. In addition, a sample that
was subjected to the water vapor-containing oxygen gas annealing after formation of an oxide film, and further subjected
to an annealing process where the argon gas serving as the inert gas was used as the atmosphere (argon annealing
process) was fabricated as a sample for Example 2 of the present invention. Here, as a condition for the dry oxidation
process to form an oxide film 8, a condition that the heating temperature was 1200°C and the heating time was 30
minutes was used. In the water vapor-containing oxygen gas annealing step for the sample for Example 1 of the present
invention, the oxygen gas containing water vapor was used as the atmosphere gas, and the heating temperature was
set to 1100°C and the heating time was set to 60 minutes. As a condition for the water vapor-containing oxygen gas
annealing for the sample for Example 2 of the present invention, the oxygen gas containing water vapor was used as
the atmosphere gas, and a condition that the heating temperature was 1100°C and the heating time was 120 minutes
was used. In the argon annealing process for the sample for Example 2, the argon gas was used as the atmosphere
gas, and the heating temperature was set to 1100°C and the heating time was set to 60 minutes.

[0117] In addition, a sample that was not subjected to the water vapor-containing oxygen gas annealing step after
formation of a gate insulating film was fabricated as a sample for a comparative example. It is noted that the above oxide
film in Example 1 had a thickness of 40 nm, the oxide film in Example 2 had a thickness of 44 nm, and the oxide film in
the comparative example had a thickness of 33 nm.

[0118] After the insulating film as described above was formed, a source electrode 11 and a drain electrode 12 were
formed, and further, a gate electrode 10 was formed on oxide film 8 serving as the gate insulating film as shown in Fig.
1, similarly to the manufacturing method in the first embodiment of the present invention. Source electrode 11 and drain
electrode 12 were made of nickel (Ni) and had a thickness of 0.1 um. In addition, gate electrode 10 was made of aluminum
(Al) and had a thickness of 1 pm.

(Method of Measurement)

[0119] The concentration distribution of hydrogen atoms in the depth direction in the vicinity of the interface between
oxide film 8 and p-type layer 4 serving as the semiconductor layer was measured as to each of the samples described
above by using a method similar to the method of measurement in the test of Example 1 that has been already discussed.
In other words, the SIMS (secondary ion mass spectroscopy) was used as a method of measurement. In addition, the
channel mobility was measured in the formed semiconductor devices. A method similar to the method of measurement
in the test of Example 1 was used as a method of measurement.
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(Result of Measurement)

[0120] The concentration distribution of the hydrogen atoms in the depth direction was basically similar to the con-
centration distribution of the nitrogen atoms shown in Fig. 18, as is the case with the test of Example 3. In other words,
similarly to the concentration distribution of the nitrogen atoms shown in Fig. 18, the hydrogen atoms had the highest
concentration in the interface portion between oxide film 8 and p-type layer 4 serving as the semiconductor layer, and
the value thereof was greater than or equal to 1X 102! cm-3. The hydrogen atoms were distributed within a range of =10
nm around the interface between oxide film 8 and p-type layer 4. It is noted that both samples for Examples 1 and 2
described above showed the substantially similar concentration distribution of the hydrogen atoms. In the sample for
Example 2, however, the maximum value (peak value) of the concentration of the hydrogen atoms was higher than that
of the sample for Example 1.

[0121] Next, as for the result of the measurement of the mobility in the channel, the relationship similar to the previously-
described relationship between the peak value of the concentration of the nitrogen atoms and the channel mobility as
shown in Fig. 19 was obtained.

[0122] In other words, as is the case with Fig. 19, the sample for the comparative example had the lowest peak
concentration of the hydrogen atoms, and at the same time, had the lowest value of the channel mobility. On the other
hand, the samples for Examples 1 and 2 both had higher peak concentration of the hydrogen atoms, and at the same
time, had larger values of the channel mobility than that of the sample for the comparative example. Comparing the
sample for Example 1 and the sample for Example 2, the sample for Example 2 having higher peak concentration of
the hydrogen atoms had a larger value of the channel mobility than that of the sample for Example 1. It is noted that,
when an approximate line approximating the data that indicates the relationship between the peak concentration of the
hydrogen atoms and the channel mobility was plotted in the graph, a curve substantially similar to the approximate line
(curve) in the graph shown in Fig. 19 was obtained.

[0123] Here, as compared with the conventional MOSFET using silicon, a minimum value required for the channel
mobility to achieve lower on-state resistance is considered as 50 cm2/Vs. Therefore, even in consideration of variations
in the process, it is considered that a sufficient value of the channel mobility can be achieved if the peak concentration
of the hydrogen atoms is set to greater than or equal to 1x102! cm-3, as is the case with the peak concentration of the
nitrogen atoms.

(Example 5)

[0124] Next, the details of an experiment in which the gas containing nitrogen atoms and hydrogen atoms is used as
the atmosphere gas for heat treatment to introduce the nitrogen atoms and the hydrogen atoms into a region within 10
nm of an interface between a semiconductor layer and an insulating film.

(As to Sample)

[0125] A semiconductor device having a structure shown in Fig. 1 was fabricated as a sample. A method for producing
the sample is basically similar to the above method for producing the sample in Example 3. In other words, an epitaxial
layer 3 having a thickness of 10 um was formed on an n-type silicon carbide substrate 2 having a thickness of 400 pm,
and a p-type layer 4 having a thickness of 1 um was formed on epitaxial layer 3. Then, phosphorus (P) was implanted
as n-type conductive impurities for n* regions 5 and 6, when a value of 1x1020 cm=3 was used as the concentration of
the impurities. In addition, the gate length (channel length Lg) that refers to the distance between n* regions 5 and 6
was set to 100 wum. Moreover, the gate width (channel width) was set to 200 pm.

[0126] A sample that was subjected to nitrogen annealing after formation of an oxide film by a dry oxidation process
was fabricated as a sample for a reference example of the present invention. In addition, a sample that was subjected
to the nitrogen annealing after formation of an oxide film, and further subjected to hydrogen annealing was fabricated
as a sample for Example 1 of the present invention. Moreover, a sample that was subjected to the nitrogen annealing
under the condition different from that of the above sample for the reference example after formation of an oxide film
was fabricated as a sample for Example 2 of the present invention. Furthermore, a sample that was subjected to the
nitrogen annealing under the condition different from that of above Example 1 after formation of an oxide film, and further
subjected to the hydrogen annealing was fabricated as a sample for Example 3 of the present invention. Here, as a
condition for the dry oxidation process to form an oxide film 8, a condition that the heating temperature was 1200°C and
the heating time was 30 minutes was used. In the nitrogen annealing step for the sample for the reference example of
the present invention, the nitric oxide (NO) gas was used as the atmosphere gas, and the heating temperature was set
to 1100°C and the heating time was set to 20 minutes. As a condition for the nitrogen annealing step for the sample for
Example 1 of the present invention, the nitric oxide gas was used as the atmosphere gas, and a condition that the heating
temperature was 1100°C and the heating time was 20 minutes was used. In the hydrogen annealing process for the
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sample for Example 1, the hydrogen gas was used as the atmosphere gas, and the heating temperature was set to
1100°C and the heating time was set to 30 minutes. In the nitrogen annealing step for the sample for Example 2, the
nitric oxide (NO) gas was used as the atmosphere gas, and the heating temperature was set to 1100°C and the heating
time was set to 60 minutes. As a condition for the nitrogen annealing step for the sample for Example 3 of the present
invention, the nitric oxide gas was used as the atmosphere gas, and a condition that the heating temperature was 1100°C
and the heating time was 60 minutes was used. In the hydrogen annealing process for the sample for Example 3, the
hydrogen gas was used as the atmosphere gas, and the heating temperature was set to 1100°C and the heating time
was set to 30 minutes.

[0127] In addition, a sample that was not subjected to the nitrogen annealing step and the hydrogen annealing step
after formation of a gate insulating film was fabricated as a sample for a comparative example. It is noted that the above
oxide film in the reference example had a thickness of 41 nm, the oxide film in Example 1 had a thickness of 45 nm, the
oxide film in Example 2 had a thickness of 41 nm, the oxide film in Example 3 had a thickness of 45 nm, and the oxide
film in the comparative example had a thickness of 33 nm.

[0128] After the insulating film as described above was formed, a source electrode 11 and a drain electrode 12 were
formed, and further, a gate electrode 10 was formed on oxide film 8 serving as the gate insulating film in each of the
samples as shown in Fig. 1, similarly to the manufacturing method in the first embodiment of the present invention.
Source electrode 11 and drain electrode 12 were made of nickel (Ni) and had a thickness of 0.1 um. In addition, gate
electrode 10 was made of aluminum (A1) and had a thickness of 1 um.

(Method of Measurement)

[0129] The total concentration distribution of the nitrogen atoms and the hydrogen atoms in the depth direction in the
vicinity of the interface between oxide film 8 and p-type layer 4 serving as the semiconductor layer was measured as to
each of the samples described above by using a method similar to the method of measurement in the test of Example
1 that has been already discussed. In other words, the SIMS (secondary ion mass spectroscopy) was used as a method
of measurement. In addition, the channel mobility was measured in the formed semiconductor devices. A method similar
to the method of measurement in the test of Example 1 was used as a method of measurement.

(Result of Measurement)

[0130] The total concentration distribution of the nitrogen atoms and the hydrogen atoms in the depth direction was
basically similar to the concentration distribution of the nitrogen atoms shown in Fig. 18. In other words, similarly to the
concentration distribution of the nitrogen atoms shown in Fig. 18, the nitrogen atoms and the hydrogen atoms had the
highest total concentration in the interface portion between oxide film 8 and p-type layer 4 serving as the semiconductor
layer. The nitrogen atoms and the hydrogen atoms were distributed within a range of =10 nm around the interface
between oxide film 8 and p-type layer 4.

[0131] Itis noted that the peak value (maximum value) of the concentration of the nitrogen atoms in the above sample
for the reference example was 7x 1020 cm-3. In addition, the peak value of the concentration of the nitrogen atoms in
the sample for Example 1 was 71020 cm-3, and the peak value (maximum value) of the concentration of the hydrogen
atoms was 7x1020 cm-3. Moreover, the peak position of the concentration of the nitrogen atoms and the peak position
of the concentration of the hydrogen atoms overlapped each other. In other words, the peak value of the total concentration
of the nitrogen atoms and the hydrogen atoms in the sample for Example 1 was 1.4x1021 cm-3.

[0132] In addition, the peak value (maximum value) of the concentration of the nitrogen atoms in the above sample
for Example 2 was 2x 1021 cm-3. Moreover, the peak value of the concentration of the nitrogen atoms in the sample for
Example 3 was 2x1021 cm3, and the peak value (maximum value) of the concentration of the hydrogen atoms was
1x1021 cm3. Furthermore, the peak position of the concentration of the nitrogen atoms and the peak position of the
concentration of the hydrogen atoms overlapped each other. In other words, the peak value of the total concentration
of the nitrogen atoms and the hydrogen atoms in the sample for Example 3 was 3x102' cm-3-

[0133] Next, as for the result of the measurement of the mobility in the channel, the relationship similar to the previously-
described relationship between the peak value of the concentration of the nitrogen atoms and the channel mobility as
shown in Fig. 19 was obtained. The result of the measurement of the mobility in the channel is shown in Fig. 21. The
horizontal axis in Fig. 21 indicates the peak value of the total concentration (peak concentration) of the nitrogen atoms
and the hydrogen atoms that was measured as to each sample. It is expressed in the unit cm-3. The vertical axis in Fig.
21 indicates the channel mobility in the measured semiconductor devices (MOS channel mobility). It is expressed in the
unit cm2/Vs.

[0134] Asshown in Fig. 21, the sample for the comparative example had the lowest peak concentration of the nitrogen
atoms, and at the same time, had the lowest value of the channel mobility. On the other hand, all of the samples for
Examples 1 to 3 had larger peak values of the total concentration of the nitrogen atoms and the hydrogen atoms, and
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at the same time, had larger values of the channel mobility than that of the sample for the comparative example.
Comparing the samples for Examples 1 to 3, the sample having a larger peak value of the total concentration (peak
concentration) of the nitrogen atoms and the hydrogen atoms had a larger value of the channel mobility.

[0135] Here, as compared with the conventional MOSFET using silicon, a minimum value required for the channel
mobility to achieve lower on-state resistance is considered as 50 cm?/Vs as already discussed. Therefore, even in
consideration of variations in the process, it is considered that a sufficient value of the channel mobility can be achieved
if the peak value of the total concentration (peak concentration) of the nitrogen atoms and the hydrogen atoms is set to
greater than or equal to 1x 1021 cm-3, as is the case with the peak concentration of the nitrogen atoms.

(Example 6)

[0136] In order to check the effect of the present invention, a prototype of a semiconductor device was fabricated and
the interface state of an interface between a semiconductor layer and an insulating film in the semiconductor device
was evaluated.

(As to Sample)

[0137] A semiconductor device shown in Fig. 22 is an MOS capacitor including a substrate 2 that is an n-type silicon
carbide substrate, a buffer layer 21 formed on substrate 2, a voltage maintained layer 22 formed on buffer layer 21, an
oxide film 26 formed on voltage maintained layer 22, a gate electrode 10 formed on the oxide film, and a rear surface
electrode 31 formed on a rear surface (rear surface opposite to a surface where buffer layer 21 is formed) of substrate 2.
[0138] The above semiconductor device was manufactured by performing the following steps. Buffer layer 21 made
of an n-type silicon carbide epitaxial layer was formed on the surface of substrate 2 made of n-type silicon carbide and
having a thickness of 400 m. Substrate 2 had a specific resistance of 0.02 Q « cm. Buffer layer 21 had a thickness of
0.5 um and the concentration of n-type impurities was set to 5x1017 cm-3. Then, an n-type silicon carbide epitaxial layer
3 having a thickness of 10 wum was formed on buffer layer 21 to act as voltage maintained layer 22. The concentration
of n-type impurities in voltage maintained layer 22 was set to 5x1015 cm-3.

[0139] A sample that was subjected to nitrogen annealing after oxide film 26 was formed on a surface of voltage
maintained layer 22 by a dry oxidation process was fabricated as a sample for an example of the present invention.
Here, as a condition for the dry oxidation process to form oxide film 26, a condition that the heating temperature was
1200°C and the heating time was 30 minutes was used. In the nitrogen annealing step for the sample for the example
of the present invention, the nitric oxide (NO) gas was used as the atmosphere gas, and the heating temperature was
set to 1100°C and the heating time was set to 60 minutes.

[0140] In addition, a sample that was not subjected to the nitrogen annealing step after formation of oxide film 26 was
fabricated as a sample for a comparative example. It is noted that above oxide film 26 in the example had a thickness
of 40 nm, and oxide film 26 in the comparative example had a thickness of 33 nm.

[0141] After oxide film 26 serving as the insulating film was formed as described above, rear surface electrode 31
serving as an ohmic electrode was formed on the rear surface of substrate 2, and gate electrode 10 was formed on
oxide film 26 serving as a gate insulating film as shown in Fig. 22. Rear surface electrode 31 was made of nickel (Ni)
and had a thickness of 0.1 pum. In addition, rear surface electrode 31 was subjected to an alloying process (heat treatment)
in the argon (Ar) atmosphere under the condition that the heating temperature was 950°C and the heating time was 2
minutes. Gate electrode 10 was made of aluminum (A1) and had a thickness of 1 um. In addition, gate electrode 10
had a circular two-dimensional shape whose diameter was 800 pm. By performing these steps, the samples for the
example and the comparative example having the configuration of the semiconductor device shown in Fig. 22 can be
obtained.

(Method of Measurement)

[0142] The capacitance-voltage characteristic (CV characteristic) was measured as to the above samples for the
example and the comparative example having the configuration of the semiconductor device shown in Fig. 22 (MOS
capacitor). It is noted that the measurement frequency was set to 1 MHz in the high-frequency CV measurement. In
addition, the low-frequency CV measurement was carried out by using a Quasistatic CV measurement method. It is
noted that a capacitance Cs caused by a depletion layer formed on the semiconductor side of the MOS interface was
determined by solving the Poisson’s equation. At this time, the inverted state was not taken into consideration and the
deep depletion state was assumed.

[0143] In addition, the interface state density was calculated as to the above samples for the example and the com-
parative example by using a High-Low method. A method for calculating the interface state density by using the High-
Low method will be outlined hereinafter.
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[0144] Inthe above high-frequency CV measurement, a capacitance C;;caused by the interface state having a relatively
large emission time constant does not appear as a capacitive component. On the other hand, in the measurement of
the CV obtained at frequencies low enough for capture/emission of electrons from/to the interface state to respond (low-
frequency CV measurement), the capacitance is observed as a value obtained by adding the capacitance caused by
the interface state to the capacitance in the high-frequency CV measurement. Here, the capacitance obtained by the
low-frequency CV measurement includes information of the oxide film capacitance, the depletion layer capacitance and
the interface state capacitance. Therefore, a capacitance C|  obtained by the low-frequency CV measurement is ex-
pressed by the following mathematical formula (1).

[Num 1]
1 1 1

=
c,. C, C,+C,

ox

(1)

[0145] In the high-frequency CV measurement, however, the interface state capacitance does not respond (is not
detected) as described above, and therefore, a capacitance Cg obtained by the high-frequency CV measurement is
expressed by the following mathematical formula (2).

[Num 2]

== -+ “‘(2)

[0146] Therefore, based on the above mathematical formulas (1) and (2), an interface state density D;; can be deter-
mined by using the following mathematical formula (3).

[Num 3]

D = Cax CLF / Cox - CHF / Cox
! q 1—~CLF/C0x 1—~CHF/COX

( C,= qu‘r) --(3)

(Result of Measurement)

[0147] The result of the above measurement will be described with reference to Figs. 23 to 25.

[0148] Inthe graphs shown in Figs. 23 and 24, the horizontal axis indicates the voltage and the vertical axis indicates
the capacitance. The vertical axis, however, represents the capacitance obtained by standardizing an overall capacitance
C with an oxide film capacitance C,,. As can be seen from Figs. 23 and 24, a large difference between the high-frequency
CV characteristic and the low-frequency CV characteristic was not found in the sample for the example of the present
invention shown in Fig. 23. On the other hand, a relatively large difference between the high-frequency CV characteristic
and the low-frequency CV characteristic was seen in the sample for the comparative example shown in Fig. 24. It is
considered that this is because the capacitance caused by the interface state (interface state capacitance) had a greater
effect on the sample for the comparative example than on the sample for the example.

[0149] The result of the calculation of the interface state density as to the samples for the example and the comparative
example by using the above High-Low method is shown in Fig. 25. In Fig. 25, the vertical axis indicates the interface
state density, and the horizontal axis indicates the value of the energy with respect to that of a conduction band.
[0150] As can be seen from Fig. 25, the interface state density of the sample for the example (with the nitrogen
annealing) was lower than that of the sample for the comparative example (without the nitrogen annealing) in any energy
level. In addition, the interface state density of the sample for the example was also smaller than 1x10-12 cm-2eV-! in
an energy level lower than 0.1 eV that of the conduction band.
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(Example 7)

[0151] In order to check the effect of the present invention, a sample was produced and the relationship between the
interface state density and the MOS channel mobility was evaluated.

(As to Sample)

[0152] A semiconductor device having a structure shown in Fig. 1 was fabricated as a sample as follows. An epitaxial
layer 3 having a thickness of 10 um was formed on an n-type silicon carbide substrate 2 having a thickness of 400 um,
and a p-type layer 4 having a thickness of 1 wum was formed on epitaxial layer 3. Then, phosphorus (P) was implanted
as n-type conductive impurities for n* regions 5 and 6, when a value of 1x1020 cm=3 was used as the concentration of
the impurities. In addition, the gate length (channel length Lg) that refers to the distance between n* regions 5 and 6
was set to 100 um. Moreover, the gate width (channel width) was set to 200 pm.

[0153] A sample that was subjected to nitrogen annealing after formation of an oxide film by a dry oxidation process
was fabricated as a sample for Example 1 of the present invention. In addition, a sample that was subjected to the
nitrogen annealing after formation of an oxide film, and further subjected to an annealing process where the argon gas
serving as the inert gas was used as the atmosphere (argon annealing process) was fabricated as a sample for Example
2 of the present invention. Here, as a condition for the dry oxidation process to form an oxide film 8, a condition that the
heating temperature was 1200°C and the heating time was 30 minutes was used. In the nitrogen annealing step for the
sample for Example 1 of the present invention, the NO gas was used as the atmosphere gas, and the heating temperature
was set to 1100°C and the heating time was set to 60 minutes. As a condition for the nitrogen annealing step for the
sample for Example 2 of the present invention, the NO gas was used as the atmosphere gas, and a condition that the
heating temperature was 1100°C and the heating time was 120 minutes was used. In the argon annealing process for
the sample for Example 2, the argon gas was used as the atmosphere gas, and the heating temperature was set to
1100°C and the heating time was set to 60 minutes.

[0154] In addition, a sample that was not subjected to the hydrogen annealing step after formation of a gate insulating
film was fabricated as a sample for a comparative example. It is noted that the above oxide film in Example 1 had a
thickness of 40 nm, the oxide film in Example 2 had a thickness of 46 nm, and the oxide film in the comparative example
had a thickness of 33 nm.

[0155] After the insulating film as described above was formed, a source electrode 11 and a drain electrode 12 were
formed, and further, a gate electrode 10 was formed on oxide film 8 serving as the gate insulating film as shown in Fig.
1, similarly to the manufacturing method in the first embodiment of the present invention. Source electrode 11 and drain
electrode 12 were made of nickel (Ni) and had a thickness of 0. 1 pm. In addition, gate electrode 10 was made of
aluminum (Al) and had a thickness of 1 pm.

(Method of Measurement)

[0156] The channel mobility was measured in the samples of the formed semiconductor devices. As a method of
measurement, a method similar to the method of measurement in the test of Example 1 was used.

[0157] In addition, the interface state density was calculated as to each sample by using a method similar to the
method in the test of above Example 6 (that is, by using the High-Low method based on the data of the high-frequency
CV characteristic and the low-frequency CV characteristic).

(Result of Measurement)

[0158] The result of the measurement is shown in Fig. 26. The horizontal axis in Fig. 26 indicates the value of the
interface state density in an energy level lower than 0.1 eV that of a conduction band. It is expressed in the unit cm-2eV-1.
The vertical axis in Fig. 26 indicates the channel mobility in the measured semiconductor devices (MOS channel mobility).
It is expressed in the unit cm2/Vs.

[0159] As can be seen from Fig. 26, as the interface state density was lowered, the channel mobility was increased.
Here, as compared with the conventional MOSFET using silicon, a minimum value required for the channel mobility to
achieve lower on-state resistance is considered as 50 cm2/Vs as already discussed. It can also be seen from Fig. 26
that a range of the interface state density where the channel mobility is 50 cm?2/Vs is less than or equal to 7x101
cm-2eV-1. Generally, however, a large error may be included in the measured value of the interface state density.
Therefore, according to the inventor’s experience, it is considered that the sufficient channel mobility can be achieved
if the interface state density (in the energy level lower than 0.1 eV that of the conduction band) is set to smaller than
1x1012 cm2eV-1.

[0160] It should be understood that the embodiments and the examples disclosed herein are illustrative and not
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limitative in any respect. The scope of the present invention is defined by the terms of the claims, rather than the
description above, and is intended to include any modifications within the scope and meaning equivalent to the terms
of the claims.

INDUSTRIAL APPLICABILITY

[0161] The presentinvention is advantageously applied to a silicon carbide semiconductor device where an insulating
film is formed to contact with a semiconductor layer made of silicon carbide, such as an MOSFET and a DiIMOSFET.

Claims

1.

10.

1.

A silicon carbide semiconductor device (1), comprising:

a substrate (2) made of silicon carbide and having an off angle of greater than or equal to 50° and less than or
equal to 65° with respect to a surface orientation of {0001};

a semiconductor layer (4, 23) formed on said substrate (2) and made of silicon carbide; and

an insulating film (8, 26) formed to contact with a surface of said semiconductor layer (4, 23),

a maximum value of a concentration of nitrogen atoms in a region within 10 nm of an interface between said
semiconductor layer (4, 23) and said insulating film (8, 26) being greater than or equal to 1x1021 cm-3.

The silicon carbide semiconductor device (1) according to claim 1, wherein hydrogen atoms are contained in said
region within 10 nm of the interface between said semiconductor layer (4, 23) and said insulating film (8,26).

The silicon carbide semiconductor device (1) according to claim 1, wherein an interface state density in an energy
level lower than 0.1 eV that of a conduction band is smaller than 1x1012 cm-2eV-1.

The silicon carbide semiconductor device (1) according to claim 1, wherein said substrate (2) has an off orientation
in a range of less than or equal to =5° in a <11-20> direction.

The silicon carbide semiconductor device (1) according to claim 1, wherein said substrate (2) has an off-orientation
in a range of less than or equal to =5° in a <01-10> direction.

The silicon carbide semiconductor device (1) according to claim 5, wherein a main surface of said substrate (2) has
a surface orientation whose off-angle is greater than or equal to -3° and less than or equal to +5° with respect to a
surface orientation of {03-38}.

A silicon carbide semiconductor device (1), comprising:

a substrate (2) made of silicon carbide and having an off-angle of greater than or equal to 50° and less than or
equal to 65° with respect to a surface orientation of {0001};

a semiconductor layer (4, 23) formed on said substrate (2) and made of silicon carbide; and

an insulating film (8, 26) formed to contact with a surface of said semiconductor layer (4, 23),

a maximum value of a concentration of hydrogen atoms in a region within 10 nm of an interface between said
semiconductor layer (4, 23) and said insulating film (8, 26) being greater than or equal to 1x1021 cm-3.

The silicon carbide semiconductor device (1) according to claim 7, wherein nitrogen atoms are contained in said
region within 10 nm of the interface between said semiconductor layer (4, 23) and said insulating film (8, 26).

The silicon carbide semiconductor device (1) according to claim 7, wherein an interface state density in an energy
level lower than 0.1 eV that of a conduction band is smaller than 1x1012 cm-2eV-1.

The silicon carbide semiconductor device (1) according to claim 7, wherein
said substrate (2) has an off-orientation in a range of less than or equal to +5° in a <11-20> direction.

The silicon carbide semiconductor device (1) according to claim 7, wherein said substrate (2) has an off-orientation
in a range of less than or equal to =5° in a <01-10> direction.
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The silicon carbide semiconductor device (1) according to claim 11, wherein
a main surface of said substrate (2) has a surface orientation whose off angle is greater than or equal to -3° and
less than or equal to +5° with respect to a surface orientation of {03-38}.

A silicon carbide semiconductor device (1), comprising:

a substrate (2) made of silicon carbide and having an off-angle of greater than or equal to 50° and less than or
equal to 65° with respect to a surface orientation of {0001};

a semiconductor layer (4, 23) formed on said substrate (2) and made of silicon carbide; and

an insulating film (8, 26) formed to contact with a surface of said semiconductor layer (4, 23),

a maximum value of a total concentration of nitrogen atoms and hydrogen atoms in a region within 10 nm of
an interface between said semiconductor layer (4, 23) and said insulating film (8, 26) being greater than or
equal to 1x1021 cm-3.

The silicon carbide semiconductor device (1) according to claim 13, wherein
an interface state density in an energy level lower than 0.1 eV that of a conduction band is smaller than 1x 1012
cm2eV-1,

The silicon carbide semiconductor device (1) according to claim 13, wherein
said substrate (2) has an off orientation in a range of less than or equal to =5° in a <11-20> direction.

The silicon carbide semiconductor device (1) according to claim 13, wherein
said substrate (2) has an off-orientation in a range of less than or equal to +5° in a <01-10> direction.

The silicon carbide semiconductor device (1) according to claim 16, wherein
a main surface of said substrate (2) has a surface orientation whose off angle is greater than or equal to -3° and
less than or equal to +5° with respect to a surface orientation of {03-38}.

A method for manufacturing a silicon carbide semiconductor device, comprising the steps of:

preparing a substrate (2) made of silicon carbide and having an off angle of greater than or equal to 50° and
less than or equal to 65° with respect to a surface orientation of {0001} (S10);

forming a semiconductor layer (4, 23) on said substrate (2) (S20);

forming an insulating film (8, 26) to contact with a surface of said semiconductor layer (4, 23) (S40); and
adjusting a concentration of nitrogen atoms in a region within 10 nm of an interface between said semiconductor
layer (4, 23) and said insulating film (8, 26) such that a maximum value of the concentration of the nitrogen
atoms is greater than or equal to 1 X 1021 cm-3 (S50).

The method for manufacturing a silicon carbide semiconductor device according to claim 18, further comprising the
step of:

introducing hydrogen atoms into said region within 10 nm of the interface between said semiconductor layer
(4, 23) and said insulating film (8, 26) (S70).

The method for manufacturing a silicon carbide semiconductor device according to claim 19, wherein
said step of introducing hydrogen atoms includes a step of using a gas containing the hydrogen atoms as an
atmosphere gas for heat treatment of said substrate (2) where said insulating film (8, 26) is formed.

The method for manufacturing a silicon carbide semiconductor device according to claim 20, wherein
said gas containing the hydrogen atoms is water vapor or water vapor-containing oxygen.

The method for manufacturing a silicon carbide semiconductor device according to claim 18, wherein
said step of adjusting a concentration of nitrogen atoms (S50) includes a step of using a gas containing the nitrogen
atoms as an atmosphere gas for heat treatment of said substrate (2) where said insulating film (8, 26) is formed.

The method for manufacturing a silicon carbide semiconductor device according to claim 22, wherein

said step of adjusting a concentration of nitrogen atoms (S50) includes a step of using said gas containing the
nitrogen atoms as the atmosphere gas for heat treatment, and then, using an inert gas as the atmosphere gas for
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heat treatment of said substrate.
A method for manufacturing a silicon carbide semiconductor device, comprising the steps of:

preparing a substrate (2) made of silicon carbide and having an off-angle of greater than or equal to 50° and
less than or equal to 65° with respect to a surface orientation of {0001} (S10);

forming a semiconductor layer (4, 23) on said substrate (2) (S20);

forming an insulating film (8, 26) to contact with a surface of said semiconductor layer (4, 23) (S40); and
adjusting a concentration of hydrogen atoms in a region within 10 nm of an interface between said semiconductor
layer (4, 23) and said insulating film (8, 26) such that a maximum value of the concentration of the hydrogen
atoms is greater than or equal to 1x1021 cm-3 (S70).

The method for manufacturing a silicon carbide semiconductor device according to claim 24, further comprising the
step of:

introducing nitrogen atoms into said region within 10 nm of the interface between said semiconductor layer (4,
23) and said insulating film (8, 26) (S50).

The method for manufacturing a silicon carbide semiconductor device according to claim 25, wherein
said step of introducing nitrogen atoms (S50) includes a step of using a gas containing the nitrogen atoms as an
atmosphere gas for heat treatment of said substrate (2) where said insulating film (8, 26) is formed.

The method for manufacturing a silicon carbide semiconductor device according to claim 24, wherein
said step of adjusting a concentration of hydrogen atoms (S70) includes a step of using a gas containing the hydrogen
atoms as an atmosphere gas for heat treatment of said substrate (2) where said insulating film (8, 26) is formed.

The method for manufacturing a silicon carbide semiconductor device according to claim 27, wherein

said step of adjusting a concentration of hydrogen atoms (S70) includes a step of using said gas containing the
hydrogen atoms as the atmosphere gas for heat treatment, and then, using an inert gas as the atmosphere gas for
heat treatment of said substrate (2).

The method for manufacturing a silicon carbide semiconductor device according to claim 28, wherein
said gas containing the hydrogen atoms is water vapor or water vapor-containing oxygen.

A method for manufacturing a silicon carbide semiconductor device, comprising the steps of:

preparing a substrate (2) made of silicon carbide and having an off-angle of greater than or equal to 50° and
less than or equal to 65° with respect to a surface orientation of {0001} (S10);

forming a semiconductor layer (4, 23) on said substrate (2) (S20);

forming an insulating film (8, 26) to contact with a surface of said semiconductor layer (4, 23) (S40); and
adjusting a total concentration of nitrogen atoms and hydrogen atoms in a region within 10 nm of an interface
between said semiconductor layer (4, 23) and said insulating film (8, 26) such that a maximum value of said
total concentration is greater than or equal to 1x 102! cm=3 (S50, S70).
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